Several aspects about Λ-hypernuclei in the relativistic mean field theory, including the effective Λ-nucleon coupling strengths based on the successful effective nucleon-nucleon interaction PK1, hypernuclear magnetic moment andΛ-hypernuclei, have been presented. The effect of tensor coupling in Λ-hypernuclei and the impurity effect ofΛ to nuclear structure have been discussed in detail.
Introduction
Since the first discovery of Λ-hypernuclei by observing cosmic-rays in emulsion chambers, 1 lots of efforts have been devoted to study hypernuclei. Using a variety of hypernucleus production reactions and coincidence measurement techniques, data on the single-Λ 2-12 and double-Λ hypernuclei [13] [14] [15] [16] [17] have been accumulated. With the additional degree of freedom of strangeness, hyperons can penetrate into dense nuclear matter inaccessible to proton and neutron. In astrophysics, hyperons also play a significant role in the formation and thermal structure evolution of neutron stars. 18, 19 Prospect for production of neutron halo hypernuclei has been made via (K − , π + ) reaction, 20 which may be helpful to form neutron halo. On the theoretical side, non-relativistic few-body model and shell model as well as the Skyrme-Hartree-Fock theory have been successfully used to describe single-Λ and double-Λ hypernuclei. [21] [22] [23] Moreover, the relativistic mean field (RMF) theory, which was one of the most successful approaches for ordinary nuclei, [24] [25] [26] [27] has also been applied to describe the structure of nuclei with single-Λ or multi-Λ and other strange baryons systems.
28-38
Particularly, with the relativistic continuum Hartree-Bogoliubov (RCHB) theory, which has been successfully used to describe the giant halos in exotic Zr and Ca isotopes, 39,40 the hyperon halo in Carbon hypernuclei and neutron halo in Calcium hypernuclei have been predicted.
41,42
Motivated by the accumulated data of Λ binding energy and spin-orbit splitting, recently the effective Λ-nucleon coupling strengths based on the successful effective nucleon-nucleon interaction PK1 have been proposed with microscopic correction for the center-of-mass motion. Here the new effective Λ-nucleon coupling strengths and calculated results for hypernuclear magnetic moment and spin symmetry in singleΛ spectra will be presented and the effect of tensor coupling in Λ-hypernuclei as well as the impurity effect ofΛ will be discussed in detail.
Brief introduction of the RMF theory for hypernuclei
The starting point of the RMF theory is a standard Lagrangian density L, in which nucleons are described as Dirac particles that interact via the exchange of scalar σ, vector ω, and isovector-vector ρ mesons as well as photon. 27 For hypernuclei system, the Lagrangian density L can be written into two parts,
where L 0 is the standard Lagrangian density. 27 The Lagrangian density
where m Y is the mass of hyperon, and g σY , g ωY are the coupling strengthes of hyperon and mesons. The last term in (2) is due to the tensor coupling between hyperon and ω field, where the field tensor Ω µν for the ω-meson is defined as Ω µν = ∂ µ ω ν − ∂ ν ω µ .
Restricted to mean field and no-sea approximation, following the standard procedure, 24 one can obtain the equations of motion for baryons (B) (nucleon (N) and hyperon (Y)) and mesons respectively, i.e., the Dirac and Klein-Gordon equations.
The Dirac equation for the hyperon is,
with the vector potential V µ Y = g ωY ω µ and scalar potential S Λ = g σY σ. For the ω meson, the corresponding Klein-Gordon equation reads,
where the baryon current j B µ and tensor current j
have been respectively defined as,
More details can be found in Ref. 
New hyperon-nucleon parametrization
The RMF theory has made great success in the description of ordinary nuclei with an universal effective nucleon-nucleon interaction [43] [44] [45] determined by fitting the nuclear observables such as binding energy, charge radii, etc. As PK1 is one of the most successful effective nucleon-nucleon interaction, it is natural to extend PK1 for the description of hypernuclei.
For Λ-nucleon effective interaction, there are four additional parameters m Λ , g σΛ , g ωΛ and f ωΛΛ . The mass of Λ is usually fixed to the experimental value M Λ = 1115.6 MeV. As suggested in Ref., 46 the tensor ω-Λ is adopted as R ωΛΛ = f ωΛΛ /g ωΛ = 1. The other two parameters are usually determined by fitting the single-Λ binding energy and /or the spin-orbit splitting.
In Ref.
, 47 a new effective hyperon-nucleon interaction Y1, based on the effective nucleon-nucleon interaction PK1, has been developed and labeled as PK1-Y1 by fitting the single-Λ binding energies of hypernuclei Λ C. The ratio of the meson-Λ coupling strengthes to meson-nucleon ones, i.e., R σ = g σΛ /g σN and R ω = g ωΛ /g ωN , thus obtained are R σ = 0.580 and R ω = 0.620. The parameters of effective Λ-nucleon interactions PK1-Y1 is shown in Table 1 in comparison with TM1-B, 45 NLSH-A, and NLSH-B. 48 The root-mean-squared (rms) deviation ∆ and the relative ones χ for single-Λ binding energies and the Λ spin-orbit splitting of p state in 9 Λ Be and 13 Λ C are also presented, where Figure 1 shows the single-Λ binding energies and spin-orbit splitting sizes for Λ states with different orbital angular momentum obtained from RMF calculations with PK1-Y1 effective interaction. In the upper panel, good agreement for single-Λ binding energies has been achieved by the theoretical calculations. For the Λ spin-orbit splitting, different from that for nucleon, the magnitude of around several hundreds keV has been found in the calculation. The splitting in medium-mass region are relatively larger than those in light-and heavy-mass regions.
Magnetic moments of Λ-hypernuclei
With fast development of experimental techniques, the interest in hypernuclear magnetic moments is evoked. The effects of core polarization and tensor coupling on the magnetic moments in 49 It is shown that the inclusion of a Λ tensor coupling will modify the current vertex and suppress the effect of core polarization on the magnetic moments. However, as the hyperon wave functions are not sensitive to the Λ tensor potential, the magnetic moments with or without Λ tensor potential are almost the same. The deviations of magnetic moments for Λ in p states from the Schmidt values are found to increase with the nuclear mass number.
However, this study is based on the perturbation theory for the symmetric nuclear matter. A self-consistent calculation in finite hypernuclei is required, in which both the nucleons and hyperon are treated on the same footing. A self-consistent time-odd triaxial RMF approach 50 include the hyperon and the tensor coupling is developed and applied to study the magnetic moments in hypernuclei. 51 The magnetic moments of
16−18
Λ O by time-odd triaxial RMF approach with PK1 and PK1-Y1 are shown in Table 2 . It is found that the core polarization effect of valence Λ is very important although it is smaller than that of the valence neutron. Furthermore, the core polarized Dirac magnetic moment might be reduced by the tensor coupling of the valence Λ.
Nucleus with anti-Lambda
In Ref., 52 the anti-nucleon spectrum has been studied for ordinary nuclei with the RMF theory and the spin symmetry is found for the single antinucleon spectra, i.e., the spin partner states are nearly degenerate and the dominant components of the wave functions are almost the same. It is therefore worthwhile to examine the spin symmetry in singleΛ spectra.
By taking 16 O system as the representative case, the singleΛ spectra and theΛ wave functions were studied in Ref. 53 In the Dirac equation ofΛ, the scalar and vector potentials ofΛ are written respectively as SΛ(r) = g σΛ σ and VΛ(r) = g ωΛ ω 0 . The charge conjugation leaves the scalar potential invariant, SΛ(r) = S Λ (r), and changes the sign of the vector potential,
In Figure 2 are shown the spin-orbit splittings ǫ A (nl l−1/2 ) − ǫ A (nl l+1/2 ) of anti-Lambda and anti-neutron as functions of the average energy for spin partners in 16 O. The values of splitting for anti-Lambda (0.1 ∼ 0.8 MeV) are smaller than those of anti-neutron (0.2 ∼ 1.9 MeV), which implies that the spin symmetry in anti-Lambda spectra is even better conserved than that in anti-neutron spectra. It is also found that the dominant components ofΛ Dirac spinors are almost identical for spin partner states.
The self-consistent effects caused by theΛ had not been taken into account in the above calculations. For a realΛ- 16 O system, the self-consistent mean fields including the scalar and vector ones will be modified by theΛ. Further investigation on this issue is in progress.
Summary
Several aspects about hypernuclei investigated with the relativistic mean field theory, including the effective Λ-nucleon coupling strengths based on the effective nucleon-nucleon interaction PK1, hypernuclear magnetic moment and spin symmetry inΛ-hypernuclei have been presented. With the newly-adjusted PK1-Y1 effective interaction, the single-Λ binding energies of hypernuclei from light to heavy mass regions have been well reproduced. The effects of tensor coupling and core polarization from valence Λ in Λ- hypernuclei have been found to be of importance in the description of hypernuclear magnetic moments. The spin symmetry inΛ spectra have been found to be even better developed than that in anti-neutron spectra. The investigation for spin symmetry in single-Λ spectra inΛ-hypernuclei is in progress.
